The possibility and feasibility of using supercritical fluid СО 2 extraction process have been investigated and described in the book as part of the task of spent catalysts regeneration. The analysis of deactivating compounds has been carried out for industrial catalysts such as: 1) palladium catalyst G-58E of ethane-ethylene fraction hydrogenation; 2) nickel/kieselguhr catalyst of process of separating acetylenic compounds from isoprene; 3) active aluminum oxide catalyst of methyl phenyl carbinol dehydration process; 4) palladium catalyst LD-265 of hydrocarbons hydrogenation process; 5) nickel-molybdenum catalysts DN-3531 and Criterion 514 of kerosene hydrotreating process. The results of the study of catalyst deactivating compounds solubility in pure supercritical carbon dioxide and supercritical carbon dioxide are modified with polar additive. The results of the solubility study are described using the Peng-Robinson equation of state. The results of the implementation of the supercritical fluid СО 2 extraction process with respect to deactivated industrial catalyst samples have been provided. A comparison of the characteristics of samples of catalysts regenerated using the traditional approach and the SC-CO 2 extraction process has been conducted. The possibility of using supercritical fluid CO 2 impregnation process in the synthesis of a palladium catalyst has been investigated. The synthesis of palladium chloride-based organometallic complexes has been carried out. The results of the study of solubility thereof in supercritical carbon dioxide have been provided. A dynamic supercritical fluid CO 2 impregnation process condition has been implemented. A comparison of the characteristics of palladium catalyst samples synthesized using the conventional approach and SC-CO 2 impregnation process has been conducted and presented in the book.
Introduction
In recent years, the chemical and oil industries are undergoing their most serious challenge technically, economically and environmentally, as new processes are gradually being introduced in many markets. These industrial changes come from a greater need for productivity and economic improvement.
Most industrial processes would not be feasible without catalysts, so it is particularly important to understand all the factors that determine the catalytic properties. Large amounts of catalysts are used in the petroleum refining and petrochemical industry to upgrade the different flows of petroleum and residues, and the usual production of gasoline, diesel fuels, jet fuels, heavy oil hydrocarbons, petrochemicals and plastics. In addition, with the rapid development and wide application of catalysis technology, more and more sophisticated catalysts are introduced in refining and petrochemical applications, to increase the catalytic performance. This leads to manage refining and petrochemical units differently.
A catalyst is a material of constant composition (gas, liquid, or solid), that increases the rate of a chemical reaction by providing an appropriate reaction pathway, with the lowest activation energy. As the activation energy is lower, more reaction products will be formed in the same period. Heterogeneous catalysis differed from homogeneous catalysis in the number of phases present during the reaction. The heterogeneous catalysis is a surface phenomenon, wherein the catalyst phase, solid mostly, differs from that of the reactants.
After periods of operation, the catalysts undergo mechanical, physical and chemical changes with a consequent rapid loss in activity and often in selectivity. In chemical processes, the progressive deactivation of solid catalysts is a major economic concern and the control of their stability, activity and selectivity has become crucial. For these reasons, there is a strong motivation to understand the mechanisms leading to any loss in activity and/or selectivity and to find out the efficient preventive measures and regenerative solutions that open the way to cheaper and cleaner processes [1] .
Catalyst Sinthesis and Regeneration
Most of the catalysts used in the refining or petrochemical applications deactivate quickly with time. The time scales for the deactivation catalyst vary considerably with the process, and has profound consequences for process design. The design of fixed bed catalytic reactors is based on the kinetics of deactivation of the catalyst, so that the catalyst life is at least six months and typically several years. This decrease in activity can be compensated by changing some operating parameters. However, at some point, catalyst replacement is inevitable.
Catalyst deactivation is a complex phenomenon, generally defined as the loss of catalytic activity and selectivity over time. Catalyst deactivation is attributed to changes in the structure and state of the catalyst, due to the interaction between the catalyst and the impurities present in the feed stream, wherein the catalyst is used. It is a problem of great and ongoing concern in the practice of industrial catalytic processes. The costs to industry for catalyst replacement and process shutdown amount to billions of dollars per year.
The main causes of deactivation of solid catalysts and their mechanisms were reviewed s by Bartholomew [2] . The causes of deactivation can be grouped into five types The activity of the catalyst gradually declines due, mainly, to the building-up of coke which plays a crucial role in the operation of the reformer under industrial conditions.
There are numerous reactions and mechanisms of coke formation, depending on the nature of the catalyst, whether it is a pure metal, or contains additional non-metallic elements to increase the selectivity [2] . The coke formation is strongly dependent on temperature and feedstocks. Refinery feedstocks, in general, are extremely complicated chemical mixtures in which each heteroatom is present in the form of literally hundreds of different compounds [6] .
Much of the coke formation arises due to carbon molecules adsorbed on the surface of the metal compound to form multiple layers, covering the active sites of the surface of the heterogeneous catalyst, therefore, decreasing the active surface area of the catalyst and reducing its yield and selectivity. In certain circumstances when carbon compounds become trapped in the pores, they can cause unusual stress increase within the pore, which can break the catalyst [2] .
In addition, the metal oxide catalysts contain acidic pore spaces that affect the coke formation. These acidic pores modify the behavior of carbon atoms in the cyclic and aromatic chains, which link with carbon radicals, to form high molecular weight compounds that stick to catalysts and are difficult to remove.
Coke formation is believed to result from cracking and polymerization reactions; perhaps from the deposition of coke precursors such as anthracene, coronene, ovalene and other condensed ring aromatic molecules on the catalyst, these polymerizing to form coke [7] . It is possible to recover a large part of the initial catalytic activity when the deactivation is reversible (such as coke fouling). During operation, the temperature of the process is gradually raised to compensate for the activity loss caused by coke deposition. Eventually, however, economics dictates the necessity of reactivating the cata-lyst. Consequently, in all processes of this type the catalyst must necessarily be periodically regenerated by removal of the coke from the catalyst [7] .
Coke removal by oxidation is a difficult task and requires a careful control of the temperature. Typically, in the regeneration, the coke is burned from the catalyst at controlled conditions. In a regeneration of this type, the catalyst is contacted with oxygen at flame front temperatures ranging about 700 K to about 850 K, this being generally followed by a secondary burn with increased oxygen concentrations as coke is depleted from the catalyst [7] . The reaction is highly exothermic and can result in overheating and sample thermal reorganization. The result is the loss of surface area (sintering) and the formation of refractory compounds. Coke has also been removed from catalysts by contact with hydrogen at elevated temperature.
Deactivation by poisoning involves chemisorption on the active sites of the competing poison molecules with reactive molecules [6] . Poisoning occurs when there is a loss of catalytic activity due to substances that interact strongly and irreversibly with the active sites of the catalyst. The most common impurities found in the feed streams are sulfur, phosphorus, zinc, calcium, arsenic, alkali metals, heavy metals, iron, and chlorides present in gaseous form or as micron size particles. Since these substances accumulate on the surface of catalysts, they are in competition with other impurities for space on the surface area of catalysts. In addition to physically blocking adsorption sites, adsorbed poisons may induce changes in the electronic or geometric structure of the surface [8] .
Sintering generally refers to a structural modification of the active surface of the catalyst due to high temperature and/or pressure. Sintering occurs either due to metal atoms, which migrate from one crystallite to another, through the surface or in the gas phase, by reducing the small crystallite size and increasing the larger ones, or by migration of the crystallites along the surface, followed by collision and coalescence of two crystallites [8] [9] . It should be noted that the sintering rate increases exponentially with temperature and becomes more and more pronounced above temperatures of 900 K.
Catalyst regeneration involves the processing of spent catalysts to make them reusable. This is done by restoring the chemical properties of spent catalysts and thus restoring their efficiency through a process called regeneration of catalyst [10] . There are several reasons for regeneration. Initially, the reasons were economic, while later awareness was brought about by environmental concerns about disposals [11] . The main advantage of catalyst regeneration is that it costs less than fresh catalysts [10] .
If a catalyst has been deactivated by the surface deposition of a foreign substance or by the incorporation of a removable poison, it may be possible to regenerate the catalyst and restore the catalytic activity [12] . Regeneration of deactivated catalysts is possible for most of catalytic processes and is widely practiced. The main purpose is to eliminate the temporary poisons on the catalyst surface and restore the free adsorption sites [13] . If the regeneration is technically possible, it is the preferred option for the environment and economically to face the spent catalysts; it facilitates prolonged use of the catalyst, minimizing the use of new raw materials and reduces the need for definitive recovery of disposal [12] .
Along with the rapid development and wide application of catalysis technology, the amounts of different spent catalysts are increased from year to year [14] . In addition, catalysts have thus become more and more sophisticated and one indirect consequence is that they need more careful procedures for regeneration than in the past.
Depending primarily on the chemical and structural changes in the catalyst during use, the user is faced with several options for dealing with the spent material [12] . Several methods such as disposal in landfills, recovery of some or all the components in the material, use of the material in another process, reuse of the material by regeneration and rejuvenation and utilization as raw materials to produce other useful products are available for the users, which deal with the spent catalyst problem. The choice between these options depends on technical feasibility and economic consideration [15] .
Disposal of a spent catalyst landfill is always the least environmentally preferred option, and is an option that requires compliance with stringent environmental regulations [12] . Safe disposal of a spent catalyst is a major environmental problem, as landfill disposal is no longer generally accepted as the best practice. Environmental laws concerning spent catalyst disposal have becomes increasingly more severe in recent years [16] . Landfill does not remove or destroy any hazardous materials which, if the threats are not properly managed, can pose long term health and environmental risks, and be affected by future regulatory changes [12] . In many countries, the spent catalysts have been classified as hazardous waste material and are subject to strict guidelines for disposal. Most major refinery companies have set up special disposal practices and enable authorized waste collectors and processors to dispose the catalyst waste [17] .
In the USA, the current regulations of the Resource Conservation and Recovery Act (RCRA) require landfill to be built with double liners and with leachate collection and groundwater monitoring facilities. Thus, the landfill option is more expensive today. In addition, it carries with it a continuous environmental responsibility for the life of the dumb-site. Treatment prior to filling of the land may be necessary in some cases, which further increases the cost [16] .
Catalysts that can be regenerated are usually able to be used through several operation regeneration cycles. It is important to note that in the case of regeneration of spent catalyst, the product often does not change the ownership, and that its original economic value is fully recovered and exploitable [12] .
The spent catalysts are generally treated as harmless industrial waste, but their characteristics are varied in different processes and condition [14] . If the spent catalysts can be regenerated and activated effectively, they can be reused with higher values and economic efficiency [14] .
The physical properties of spent catalysts, as well as their composition, are generally different from those of fresh catalysts. For example, spent hydrotreating catalysts contain metal sulfides and coke and may have additional contaminants that were not present in the fresh catalyst [18] .
The catalyst regeneration market is divided into two regeneration technologies: offsite and on-site. Both regeneration technologies have specific requirements of catalyst regeneration, such as refinery, chemicals, and petrochemicals which differ in cost and efficiency [19] . In the off-site (ex-situ) regeneration, the catalyst is discharged from the reactor. The on-site (in-situ) regeneration does not require removal of the catalyst from a reactor. Generally, the procedure is to burn off, or oxygenate, the temporary poisons, such as green oil, in order to resume the activity of the catalyst. Regeneration of the catalyst may be accomplished, for example, by heating the catalyst in air to a temperature over 573 K up to about 773 K, to incinerate any organic material, polymers, or char [13] .
The off-site catalyst regeneration has the highest market share and is also the fastest dynamic market. Off-site regeneration is a fast-growing technology chosen by the petroleum refining and chemical and petrochemical industries because of strict environmental regulations, cost optimization, and better quality and performance of regenerated catalysts [19] .
The price of the regeneration of the catalyst is lower than that of fresh catalysts which governs the overall market growth. Prices also depend on the methods used, as on and off-site regeneration. The market for regenerated catalyst, in terms of value, is estimated to reach $5 billion by 2019, with a compound annual growth rate (CAGR) of 5.54% between 2014 and 2019. Due to the closure of few refineries in Europe, the regenerated catalyst market will undergo a slow growth rate. In North America, the catalyst regeneration market is expected to grow quickly in the next years due to the processing of shale gas. In Asia-Pacific, the catalyst regeneration market is forecast to grow at the highest CAGR between 2014 and 2019 due to rise in refinery capacity [19] .
Many spent catalysts contain sufficient concentrations of precious metal based constituents, or other materials, to be economically worth recovering; and the recovery of the precious metals from spent catalysts, by metallurgy processes or direct reuse as the construction materials, has been well established for many years [16] . The cost of commercial cobalt, nickel, and molybdenum based catalysts has increased by a factor of four over the last five years. This has produced a strong economic incentive to regenerate used LC-Fining catalysts. The recovery of metals not only reduces the amount of wastes for disposal but also preserves natural resources, then offers an environmentally reliable alternative to landfill disposal [19] .
Fluctuations in the market prices of the recovered metals and their purity significantly influence the economics of the metal recovery process, making it less attractive for spent catalysts that contain low level of metals. However, in recent years, the emphasis has been placed on the development of processes for recycling spent catalysts that contain high concentrations of precious metals [20] 
Many variant of the same type of regeneration process are found in the industry, and the operating conditions can be quite diverse, depending on the type of catalyst used and the feedstock processed [24] .
The spent catalysts can be regenerated or reactivated by different physical, chemical and thermal methods [25] . The advantages in terms of energy savings or environment, associated with these recycling activities are also very important. It has been estimated that the recycling of various metal scraps consumes about 33% less energy, and generates 60% less harmful wastes than the production of fresh catalysts from ore [17] .
In the 1970s, most refiners regenerated their catalysts in-situ, in fixed-bed reactors, as it was considered that in-situ regeneration was more practical and attractive [26] . As a matter of fact, the ex-site regeneration delays the continuous operation of industrial processes, as the catalysis reactors and processes must be stopped for the dismantling of deactivated catalysts and transport them to the regeneration plant [25] . However, temperature gradients and hot spots can take place in in-situ regeneration, resulting in sintering of the catalyst and the loss of activity. Another problem is that catalyst fines remain in the catalyst bed, which can cause fouling of the reactor and pressure drop when the reactor is restarted [26] .
In-situ regeneration and sulfiding of catalysts in the refinery increase the emissions of harmful gases from refinery site, like the production of large excess of hydrogen sulfide. Oxidative regeneration of catalyst is carried out by heating or injection of hot steam, hydrogen, oxygen, and various oxidizing agents, reducing agents, or organic solvents, in the catalysis reactor, for coke burning, thus generating CO, CO 2 , NO x and SO x where x takes values from 1 to 3, which accumulate in the gas system of the reactor.
Each of these gases must be treated in downstream process units, to reduce pollution from the refinery [25] .
In addition, there are few studies investigating the regeneration efficiency of different methods and catalysts, and the effects of various operation conditions in the in-situ regeneration of the deactivated catalysts [25] .
Today, the major refining companies are largely practicing catalyst reuse, and have abandoned in situ regeneration for different reasons, one being that it took too much downtime without production, and are encouraging actions which minimize shut down time.
Ex-situ regeneration is a booming technology selected by oil refining and chemical and petrochemical industries, because of strict environmental regulations, cost optimization, and better quality and performance of the regenerated catalysts [19] . Today, 90 to 95% of the catalyst regenerated in the U.S. and in Europe is regenerated ex situ [26] .
The off-site catalyst regeneration has the highest market share and is also the fastest growing market [19] .
Ex-situ regeneration has several advantages over in-situ regeneration [26] . Ex-situ regeneration of catalysts results in better recovery of activity due to close control of the regeneration temperature, a better evaluation of the catalyst for reuse, through a variety of tests for characterization and quality control, and a chance to remove fines and chips that contribute to pressure drop problems [27] . The safety of the environment and the reduction of delays of shutdown and startup of units, are the additional benefits of ex-situ regeneration, because the in-situ regeneration is longer and more difficult to control. In-situ regeneration recovered only 50% to 60% of the catalyst activity, while ex-situ regeneration retrieves 75% to 95% [26] .
The chemical treatment is one of the popular methods of regeneration of spent catalysts. Various acidic or alkaline solutions have been used to regenerate the spent catalysts, such as oxalic acid, HCl, HNO 3 , NaOH, H 2 SO 4 , VOSO 4 , (NH 4 ) 2 WO 4 , acetic acid, and citric acid. The main function of these solutions in catalyst regeneration is to remove the blocked carbons or poisoned residues from the spent catalysts. The effects of various chemical reagents, concentrations, and operating conditions on catalyst regeneration vary with different spent catalysts (active metals and compositions) [14] [19] .
Oil refining and petrochemical plants are currently undergoing serious challenges from a technical and economical point of view, as well as from an environmental point of view [28] .
This document will provide a brief overview of the management practices and regeneration of spent catalysts, with the focus on the technologies, issues and opportunities related to the preservation of the environment [17] .
The spent catalysts which were regenerate in this study, are commercial catalysts un- nickel-on-kieselguhr for the separation of acetylene compounds from isoprene; 3) "active aluminum oxide" for methyl phenyl carbinol dehydration process; 4) LD-265 grade palladium for the hydrogenation process of hydrocarbon; 5) Dn-3531 and Criterion 514, nickel-molybdenum grades for hydrotreatment of kerosene and gas oil. In most refineries, most spent catalyst waste comes from the residue of hydrotreating and hydroprocessing units. This is because the catalysts used in these processes deactivate rapidly by coke and metal (Mo and Ni) deposits, and have a short life [29] .
Another important subject present in this volume is the measurement of solubility of compounds extracted from deactivated catalysts.
The solubility of deactivated catalyst compounds was carried out in pure supercritical carbon dioxide and supercritical carbon dioxide modified with polar co-solvents. CO 2 is a non-polar solvent that can be used in liquid or supercritical states. Liquid CO 2 is significantly less polar solvent than supercritical CO 2 , and is limited to the extraction of small non-polar molecules. The solubility was described using the Peng-Robinson equ- [34] . They included the development of new experimental methods and techniques to study this thermodynamic property [35] .
The solubility is a property of great practical importance in supercritical fluid media.
However, the implementation of new technologies based on SFC in the industry has been very slow. One reason for this is probably due to the lack of researches on phase equilibrium characteristics, especially of multi-component systems in supercritical fluid; the other is related to the absence of significant developments of modeling steps, simulation and optimization of processes and technology in general.
Specific heat measurements of some compounds have also been reported, they are used to determine the amount of heat, which may be necessary for the system during the regeneration process, when it is carried out in an industrial plant. This information is necessary for the equipment design to the industrial scale.
However, we must acknowledge that the supercritical carbon dioxide extraction process and impregnation processes by supercritical carbon dioxide, which are already in operation on a commercial scale, met the industrial requirements for a perfect regeneration and synthesis of heterogeneous catalysts.
This book is an overview of processes and operations involved in the regeneration of catalysts by pure supercritical fluids and supercritical fluids associated with co-solvents.
The objective here is to provide the basic information to regenerate spend catalysts by new processes that respect the environment.
The scientific bases of the adsorbent and catalyst regeneration by supercritical fluid extraction were developed a long time ago. However, there is little information, about the industrial implementation of this process in relation to certain types of catalyst systems. Nevertheless, it is obvious that due to the wide variety of catalyst systems used in the industry, it is not possible to establish a universal guide of regeneration technology. This in turn implies the need of a preliminary study of almost every new process. This paper presents the results of the study of the process of regeneration of catalysts such as: palladium catalyst G-58E, nickel on kieselguhr/diatomite catalysts, active aluminum oxide, LD-265, a mixture of catalysts Dn-3531 and Criterion 514.
This book gathered a series of studies [36] showed that the method suggested was very competitive compared to conventional regeneration techniques.
Chapter 6 is devoted to the results of the research process on the methods of impregnation using supercritical CO 2 in static and dynamic modes, to synthesize a palladium catalyst. The data obtained suggest that the regeneration using supercritical carbon dioxide modified with various polar additives allows to almost a complete restoring of the performance of these various types of catalysts. In this case, the regeneration is carried out at significantly lower temperatures than against the methods of regeneration generally used, which has a positive effect on the overall performance of catalysts and on the energy consumption, associated with the regeneration thereof, which ultimately leads
to lower cost of the ended products.
Per some estimates, the use of supercritical fluid СО 2 extraction process in the catalyst regeneration provides two-fold energy efficiency and a larger number of possible regeneration cycles. The unique properties of the solvents in the supercritical fluid state also allow the execution of tasks of application of catalyst active components, that we have illustrated by the example of synthesis of a palladium catalyst, like G-58E catalyst.
The samples obtained using supercritical carbon dioxide are of the same quality as the fresh catalysts prepared by the manufacturers.
Conclusions
This paper describes a new process for the complete recovery of resource that is simple, effective, economical and environmentally friendly. Today, there is a higher awareness for a sustainable society, a growing concern about the effects of greenhouse gas; the fact that the demand for the production of clean petroleum is rising, implies a business opportunity and an increased market interest for renewable raw materials and processes, This monograph also describes the results of the study of important thermodynamic characteristics of the systems involved in the catalyst production and regeneration processes, which include, first and foremost information on the solubility of the precursors of active catalyst components and catalyst deactivating compounds in supercritical fluid solvents. These particular data largely determine the conditions of catalyst regeneration and synthesis processes that are optimal, from the viewpoints of energy and resource saving.
